In the face of the population's growing awareness about environmental degradation, air pollutant emissions from electricity production become a very relevant issue. Therefore, the present work aims to evaluate the greenhouse gases (GHG), NO x and SO 2 emissions in the Brazilian electricity production, using the expected capacity expansion from Ten-Year Energy Expansion Plan-2027, the current installed capacity of power generation and the electrical load factor. This study was based on data provided by official institutions that are responsible for the electricity sector as well as academic studies of the area. In order to obtain a better analysis of the most likely air pollutant emission values bounds, a Monte Carlo simulation was performed. In addition, the 2017 energy production emissions from Brazil, France, China, and the USA were evaluated and compared. The results indicate that non-renewable sources of energy have a negative environmental impact. In general, the emissions of CO 2 -eq and NO x per MWh are increasing according to Brazilian energy generation projections, but when compared with global indicator Brazil has an affordable electricity mix in terms of air pollutant emissions.
1.
Biomass: The generation of electricity from biomass provides the conversion of the raw material into an intermediate product that will be used in a power machine which will trigger the electric power generator. Any organic matter that can be transformed into mechanical, thermal or electrical energy is classified as biomass. It can be forestal, agricultural, urban or industrial waste; 2.
Fossil: Fossil fuels are used for the generation of electric energy in thermoelectric plants.
Through chemical combustion reactions, products such as natural gas, coal and oil release energy. The steam produced in the burning is used to move the turbines that are connected to generators, producing electric energy; 3.
Wind: Wind energy is produced by the movements generated during the contact of the wind with the wind vane blades that are elements of the plant. When rotating, these blades give rise to the mechanical energy which drives the rotor of the aero generator that produces the electricity;
Energies 2019, 12, 2851 3 of 19 4 . Hydro: Hydropower is generated by the movement of the water flow in a turbine. In order to classify plants with hydro source, BERA has adopted three classifications: Hydroelectric generating stations (with up to 1 MW of installed capacity), small hydroelectric plants (between 1.1 MW and 30 MW of installed capacity) and hydroelectric power plant (with more than 30 MW); 5.
Nuclear: Nuclear energy is obtained through the fission of uranium in the nuclear reactor. There, the nucleus of the atom is subjected to a fission process to generate heat that warms the water inside the reactors in order to produce the steam which moves the turbines, generating the electric energy; 6.
Solar: Solar energy comes to Earth and it is captured by photovoltaic cells (photovoltaic panels) which generate electricity.
The Air Pollutant Emissions in the Electric Energy Generation
According to [15] , the most relevant air pollutants are CO, CO 2 , H 2 S, NO x , O 3 , SO x , hydrocarbons and other oxidants. According to [16] , greenhouse gases (GHG), NO x , and SO 2 are the most relevant related emissions from the electricity sector due to their contribution to several critical life cycle assessment (LCA) impact categories and to their importance in decision making and strategic planning.
The CO 2 is a greenhouse gas, and it is known as the worst pollutant. In order to analyze the several greenhouse gases' impact on global warming, the CO 2 -eq is widely used. It represents the environmental impact of one tone of the greenhouse gases in comparison to the impact of one tone of CO 2 . According to [17] , several studies were dedicated to assessing the environmental impacts of greenhouse gases emissions from electricity generation [18] [19] [20] [21] . Indeed, in [22] a review study that reported 120 papers on the theme of greenhouse gases emissions from electricity generation is presented. Despite being the eighteenth world economy, Brazil takes the eleventh place in the ranking of nations for greenhouse gas emissions due to energy production and consumption [23] . This fact is attributed to the composition of the Brazilian electricity mix, which has a large share of renewable sources. Regarding the electricity generation, in 2017 the world average of emissions was 484 g of CO 2 per kWh [1], whereas in Brazil the emissions were 104 g of CO 2 per kWh [24] . It is estimated that this amount will be maintained by the incentive for the permanence of renewable sources in the Brazilian electricity mix.
Concerning NO x and SO 2 , these emissions are related to acidification and eutrophication issues. Actually, emissions of NH 3 , NO x , and SO 2 are largely responsible for acidification which is the process of pH reduction in aquatic or terrestrial environments due to the uptake of acid compounds. In addition, emissions of NO x and NH 3 also cause eutrophication, which is the process of nutriments enrichment of an ecosystem, normally related to nitrogen and phosphorus. According to [25, 26] , a significant majority (75%) of the world's NH 3 anthropogenic-related emissions comes from agriculture and animal waste, whereas the energy sector (heat and electricity) is responsible for only 6% of NH 3 releases [27] . On the other hand, the contribution of the energy sector to the global emissions of NO x and SO 2 is very relevant, representing 19% and 56% of overall NO x and SO 2 emissions, respectively [28] . The contribution to greenhouse gases emissions from electricity production is even more important, corresponding to 45% of total anthropogenic releases [29] . Then the GHG, NO x , and SO 2 emissions provide a reasonable analysis for the most relevant air pollutant emissions from electricity generation activity.
Goals, Contributions, and Paper Organization
Thus, the present work aims to evaluate the GHG, NO x , and SO 2 emissions in the Brazilian electricity production, analyzing the current configuration for installed capacity and the projections up to the year 2027. In other words, the main goal of this paper is to assess relevant air pollutant emissions of Brazilian electricity generation based on the official installed capacity plan for the next years. For such, this study was based on data provided by institutions from the electricity sector, as well as academic studies from this area. In order to produce better limits analysis of the most probable values of air pollutant emissions in the time horizon, a Monte Carlo simulation was performed using the Oracle Crystal Ball application. For a better analysis, this work evaluates and compares the pollutant emissions for the 2017 energy production from Brazil, France, China, and the USA.
The main contributions of this paper are:
1. Defining and analyzing future scenarios for Brazilian energy production; 2.
Proposition of a procedure to consider uncertainty in pollutant emission for energy production projections based on a Monte Carlo simulation, determining narrower limits which are most likely to occur and better characterize reality; 3.
Projecting emission bounds of the most relevant pollutants from electricity sector according to future Brazilian electricity mix scenarios considering official and current data which was provided by the responsible institution of the country (Energy Research Office (ERO)); 4.
Providing directions on electricity mix strategies to minimize pollutant emissions; 5.
Performing a comparison among different countries, highlighting the influence of electricity mix strategies on air pollutant emissions.
In the next section, the methodology of this study is described. Finally, the results and discussion are presented and analyzed together with a Monte Carlo simulation. After, the conclusions of the study are made.
Methods
For this study, the following steps were performed:
• Characterization of the objectives of the study; • Data collection and processing; • Air pollutant emission calculations; • Monte Carlo simulation.
For a better understanding of the study, hereafter these methodological steps will be detailed.
Characterization of the Object of Study
The installed capacity for Brazilian electricity generation is composed of: Hydro (60.77%), fossil (14.98%), biomass (8.62%), wind (8.57%), nuclear (1.16%) and solar (1.13%), with 4.77% of import [30] . For the first two sources of energy, biomass and fossil, there is a subdivision considering the energy origin, called level 1 sources. For imports, there is no differentiation per energy source.
For biomass, the sources of level 1 are materials with agro-industrial origin (6.74%) and forestry (1.88%). For the former, the shares of sugarcane bagasse (6.69%) and rice hulls (0.03%) are notorious. For the latter, black liquor is the largest participant (1.51%), followed by forest residues (0.24%).
Considering the energy generated from fossil fuels, natural gas (7.73%) and petroleum (5.82%) are the most important sources for level 1. The first is subdivided into process heat (0.02%) and natural gas itself (7.71%). For petroleum, there are five subdivisions, with emphasis on fuel oil (2.41%) and diesel oil (2.61%).
Data Collection and Processing
To carry out the air pollutant emissions analysis of the Brazilian power generation park the following information was required:
• Current installed capacity of Brazilian electricity mix; • The GHG, NO x , and SO 2 emission rate from electricity generation by energy source; • Installed capacity projections by energy source for the next years;
The energy production and installed capacity for the same period. In this paper, reports from institutions of the Brazilian energy sector were used as a data source. After data collection, they were processed using Microsoft Excel worksheet. At the beginning of this study, the data from the Brazilian power generation park were necessary. These data were obtained in terms of installed capacity by source [30] , excluding the imported energy, as it is an international production and it is not discriminated by source. In Table 1 it is possible to verify this information. Further, minimum and maximum values of GHG, NO x , and SO 2 emission rates per MWh by source were obtained from [16] . In this study, an effort was made to adopt emission ranges, as these values can vary according to raw materials' composition and energy efficiency. In Table 2 , the obtained values are presented. For GHG, the emission rates adopted in this study include CO 2 , CH 4 , and N 2 O emissions and were expressed in Kg CO 2 -eq, as presented in Table 2 . Concerning the considered activities in the emission rates adopted in this research, as reported in [16] , for each electricity generation source the pollutant emission rates comprise: Fuel provision from the extraction of fuel to the gate of the plant, plant operation, including maintenance and waste disposal, and infrastructure (commissioning and decommissioning). Particularly, according to [16] methane emissions from hydropower reservoirs are included in the emission rates used in this study. More details about the determination of the emission rates are provided in [16] .
In order to verify the air pollutant emissions scenario to the next years, this study strives to find installed capacity projections by source. These data were obtained in [31] , from the evolution of the installed capacity by electricity source. In this document, the projections were provided in terms of installed MW. It is important to note that the later Ten-Year Energy Expansion Plan was made available in 2018 and we observed minor differences among the current capacity and the capacity projected to 2019. Thus, this study considered two installed capacity projections from 2019 to 2027:
• Data Set A: The evolution of the installed capacity for the electricity mix which was made in [31] , Table 3 ;
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• Data Set B: The projection of the actual installed capacity for the electricity mix [30] , considering the percentage variation evolution obtained in [31] , Table 4 . Table 4 . Data Set B: The projections of the actual installed capacity (MW) for the electricity mix [30, 31] . Other data group required by this work was the energy generation. The most recent information available about Brazil's electricity production is from 2017, provided by [3] . This was called Data Set C and shown in Table 5 . It is possible to see that almost 80% of the energy was produced by renewable sources. Table 5 . Data Set C: Brazilian electricity production (GWh) in 2017 [3] . To complement details for the Data Set C, the next information collected for this work was the installed capacity for the year 2017 [3] . Table 6 , called Data Set D, details the installed capacity per source in 2017 and also shows the majority of renewable sources. To build the Projection 1, firstly, the average electricity load per source for the year 2017 was calculated based on Data Set C. After, using the Data Set D, the electrical load factor was calculated. Assuming that the electrical load factor for each source would not change over the years, it was possible to calculate the electricity load per source from 2019 to 2027 using the Data Set A. Then, considering the total hours for each year the energy projection was calculated. The Projection 2 was obtained in an analogous way, just substituting the Data Set A for B.
Electricity Production in 2017 (GWh)-Data Set C Energy Source 2017
In order to compare different electricity mix generations, the energy production from France [32] , China [33] and the USA [34] were added to this study. These countries were chosen because they present an electricity mix quite different from Brazil. Table 7 presents the countries' energy generation for the year 2017. Table 7 . The energy production for the year 2017 from Brazil [3] , France [32] , China [33] , and the USA [34] . It is important to note that USA energy production from Geothermal source was disregarded because emission data for this process was not found. In addition, the category named as "Other" was not considered because there was not a single source of generation which makes impossible to classify the plant. These energy productions represent only 0.71% of the total generation, so their omission in the study does not present significant changes for the analysis.
Electricity Production in 2017 (

Air Pollutant Emission Calculations
From the information aforementioned, this study focused on electricity generation releases of GHG, NO x , and SO 2 due to the importance of these emissions to environmental protection, particularly, to the electricity sector. With the installed capacity projections and based on the data of minimum and maximum values of GHG, NO x , and SO 2 emission rates per MWh by source, this study strives to achieve the air pollutant emissions from the year 2019 to 2027. Since there is a range of values for the Energies 2019, 12, 2851 8 of 19 pollutants emissions described in Table 2 , values of minimum and maximum emissions were obtained for each pollutant using Projection 1 and Projection 2, considering the maximum output of electricity that the generators can produce under ideal conditions.
Considering the same emission rates from Table 2 and the 2017 energy productions from Brazil, France, China, and the USA presented in Table 7 , the pollutant emissions for these countries were calculated in order to perform a comparison among different electricity mix strategies.
Monte Carlo Simulation
In order to evidence limits with higher occurrence probabilities, a Monte Carlo simulation in Oracle Crystal Ball was performed, using the GHG, NO x , and SO 2 emissions values per MWh by source presented in Table 2 . A Monte Carlo simulation consists of executing several evaluations of the same calculation, but in each evaluation, the input value whose uncertainty is being assessed is randomly changed following its corresponding probability distribution [35] . In this study, Monte Carlo simulation was carried out according to Equations (1)- (3), representing the emission rate variations for each pollutant considered.
where:
• J is the set of sources; • K is the set of the years; • I is the set of evaluations; • ER GHGij is the emission rate for GHG for the energy source j in the evaluation i expressed in kg per MWh; • ER NOxij is the emission rate for NO x for the energy source j in the evaluation i expressed in kg per MWh; • ER SO2ij is the emission rate for SO 2 for the energy source j in the evaluation i expressed in kg per MWh; • E GHGik is the total emissions of GHG in the evaluation i for the year k, expressed in kg; • E NOxik is the total emissions of NO x in the evaluation i for the year k, expressed in kg; • E SO2ik is the total emissions of SO 2 in the evaluation i for the year k, expressed in kg; • EP jk is the energy production for the energy source j in the year k, expressed in kWh.
Although the data collection of this study provides the minimum and maximum air pollutant emissions values, they represent extreme cases. The work from [16] has used pollutant emission factors from several studies in order to obtain the values presented in Table 2 . The authors from [16] use three aspects for analyzing the pollutant emission from electricity generation: Fuel provision, power plant operation, and infrastructure. Thus the work used a sum of random variables to obtain the ranges of values presented in Table 2 . According to [36] the variable resulting from a sum of random variables converges to a normal or approximate normal distribution. Therefore, this study will consider that the pollutant emissions of Table 2 follow a normal distribution to perform the Monte Carlo simulation.
The variation of the values from Table 2 was assumed a normal distribution, in which the range from minimum and maximum values comprises 99.7% of the possible pollutant emissions quantities and the average is centered in this range. Table 8 shows the average and standard deviation of these values. The emission rates for each evaluation were obtained considering a normal distribution and the parameters are presented in Table 8 . To obtain lower and upper bounds of pollutant emissions, a simulation with 100,000 evaluations to the annual emissions values from 2019 to 2027 for each pollutant and each energy projection was performed. Moreover, 80% of the highest occurrence values was considered, excluding 10% of each tail of the final histogram. These decisions were made with the aim of providing the emission bounds with the highest probabilities of occurrence. From the results of Monte Carlo simulation for the 100,000 evaluations, the Crystal Ball application built frequency graphs. Since the simulations encompass nine years of electricity production (from 2019 to 2027), three different pollutant emissions (GHG, NO x , and SO 2 ) and two projection scenarios (Projection 1 and Projection 2), a total of 54 histograms were generated.
Results and Discussion
Air Pollutant Emission Projections
The projections of the Brazilian electricity generation are the first results of this study, considering the information obtained in [30, 31] , respectively. Tables 3 and 4 show the values obtained for the installed capacity projections. It is noted that the total installed capacity for the year 2019 in Data Set A differs from the current one [30] . Therefore, this study endeavored to obtain a new way of estimating installed capacity over the same period considering the actual installed capacity shown in Table 1 . This is the Data Set B. From the procedure described in the last section and considering the Data Set A and B obtained the energy productions from 2019 to 2027, presented in Figure 1 : Projection 1 (a) and Projection 2 (b), were obtained respectively.
The energy production from oil, biomass and natural gas sources is lower in Projection 1 than in Projection 2. However, the energy production from hydro, wind and solar sources in Projection 1 is greater than in Projection 2. Thus, it is possible to conclude that the real energy expansion has more non-renewable energy sources participation when compared to the planning (Projection 1), because Projection 2 initiates from the current Brazilian electricity mix.
Both projections indicate a reduction in the percentage of participation for hydro and oil sources in the energy generation, with an increase in the percentage of participation for wind and solar sources along the years. Despite the previously mentioned changes, the Brazilian electricity mix maintains the predominance of renewable sources in its composition, with a percentage greater than 80% through the years. After the energy projections, using the values from Table 2 , it is possible to establish minimum and maximum values of GHG, NOx, and SO2 emissions per source. In Figure 2 , the minimum and maximum of the total GHG, NOx, and SO2 emissions for Projections 1 and 2 are presented. It is worth to mention that the emissions for Projection 2 are always greater than the ones for Projection 1, due to the greater presence of oil and coal sources in the former. These sources present the highest values of air pollutants, as shown in Table 2 .
In Figure 2a , it is important to mention that the GHG emission values increase up to the year 2024, then, they decrease slightly and increase again from 2026. It is important to note that the solar and wind sources increase their participation in the production of energy from the year 2024, helping in the decreases of the emission of GHG. The increase can be explained by the installed capacity expansion, with small growths from some sources such as natural gas. However, in 2024, a reduction in the energy provided by oil source is observed.
It is possible to verify in Figure 2b that NOx emission values present an increase along the years, which corresponds to the installed capacity expansion. Figure 2c presents an increase of SO2 emissions until the year 2023, but they decrease considerably from 2024. Similar to the GHG It is important to mention that electricity production from renewable sources is supported by Brazilian governmental incentives. The Alternative Energy Sources Incentive Program (AESIP), established in 2002, obliges the consumer to purchase energy from wind, biomass and small hydroelectric plants at prices above the marginal cost of expanding the source. These costs are set by the Ministry of Mines and Energy [37] . The transmission and distribution taxes of energy produced from small hydroelectric, wind and solar power plants also have a minimum discount of 50%, called the Incentivized Sources Subsidy. In 2018, the Incentivized Sources Subsidy totaled about US $910 million [38] .
After the energy projections, using the values from Table 2 , it is possible to establish minimum and maximum values of GHG, NO x , and SO 2 emissions per source. In Figure 2 , the minimum and maximum of the total GHG, NO x , and SO 2 emissions for Projections 1 and 2 are presented. It is worth to mention that the emissions for Projection 2 are always greater than the ones for Projection 1, due to the greater presence of oil and coal sources in the former. These sources present the highest values of air pollutants, as shown in Table 2 . analysis, this increase can be explained by the installed capacity expansion, and the reduction happens with the decrement of the installed capacity of oil sources. In Tables 9 and 10 In Figure 2a , it is important to mention that the GHG emission values increase up to the year 2024, then, they decrease slightly and increase again from 2026. It is important to note that the solar and wind sources increase their participation in the production of energy from the year 2024, helping in the decreases of the emission of GHG. The increase can be explained by the installed capacity expansion, with small growths from some sources such as natural gas. However, in 2024, a reduction in the energy provided by oil source is observed.
It is possible to verify in Figure 2b that NO x emission values present an increase along the years, which corresponds to the installed capacity expansion. Figure 2c presents an increase of SO 2 emissions until the year 2023, but they decrease considerably from 2024. Similar to the GHG analysis, this increase can be explained by the installed capacity expansion, and the reduction happens with the decrement of the installed capacity of oil sources.
In Tables 9 and 10 the percentage participation of each air pollutant per source in total emissions, and the percentage composition of the electricity mix, for Projection 1 and 2, are presented respectively. The results show that in both projections, natural gas source is the major factor responsible for GHG emissions, followed by oil and coal sources. Considering the NO x emissions, the natural gas, oil, coal, and biomass sources stand out in percentage participation in both projections. For SO 2 emissions, oil source is the main pollutants for all cases. Indeed, from Table 2 it is noted that oil source presents the highest emission rates of SO 2 among all energy sources for both, minimum and maximum limits. Therefore, although oil source has a low percentage of total electricity production (from 1.84 to 3.14%, see Tables 9 and 10 ), in terms of SO 2 it corresponds to the huge majority of emissions for minimum limit and almost 50% of emissions for the maximum limit. However, Brazilian electricity authorities are looking to implement initiatives addressing this issue.
As presented in [31] , installed capacity expansion plan from 2019 to 2027 indicates a substitution of thermal oil power plants by natural gas ones in order to reduce operational costs and decrease SO 2 emissions. The intention of Brazilian energy planners is to substitute the offer of almost 3000 MW of thermal electricity from oil source to natural gas one [31] . The natural gas, oil, coal, and biomass sources represent less than 30% of the installed capacity, but they have a large participation in emissions. On the other hand, the hydro, nuclear, wind, and solar sources present low participation in emission for all cases even though they represent more than 70% of the installed capacity. This fact reinforces the importance of reducing the use of thermoelectric plants in the generation of electric energy, in order to reduce air pollution.
Monte Carlo Simulation
As the maximum and minimum values of GHG, NO x and SO 2 emissions have a large amplitude, a Monte Carlo simulation was performed considering that the emission values of the pollutants follow a normal distribution, as explained in the previous section. For this, simulation software and 80% of the most frequent values were used to set the narrower emission bounds, considering 100,000 evaluations. This procedure was performed for each year from 2019 to 2027 for both projections and each pollutant. Then, the set of values in the 10% histogram point produce the lower bound, and the ones from 90% histogram point make the upper bound, considering the same pollutant and projection. There were 54 histograms. Figure 3 shows the results of the histogram of the Monte Carlo simulation for Projection 1, year 2027, and GHG emissions Figure 3a and for the Projection 2, year 2027 and GHG emissions Figure 3b . In both pictures, the lower bound (10%) and the upper bound (90%) are marked. It is possible to observe that these bounds are narrower than the minimum and maximum values previously obtained. Therefore, the Monte Carlo simulation bound values allow better characterization of the reality because they consider the most likely emission values not only the extreme cases. considering 100,000 evaluations. This procedure was performed for each year from 2019 to 2027 for both projections and each pollutant. Then, the set of values in the 10% histogram point produce the lower bound, and the ones from 90% histogram point make the upper bound, considering the same pollutant and projection. There were 54 histograms. Figure 3 shows the results of the histogram of the Monte Carlo simulation for Projection 1, year 2027, and GHG emissions Figure 3a and for the Projection 2, year 2027 and GHG emissions Figure  3b . In both pictures, the lower bound (10%) and the upper bound (90%) are marked. It is possible to observe that these bounds are narrower than the minimum and maximum values previously obtained. Therefore, the Monte Carlo simulation bound values allow better characterization of the reality because they consider the most likely emission values not only the extreme cases. In Figures 4-6 , it is possible to verify the upper and lower emission bounds obtained for each pollutant along the years provided by Monte Carlo simulation. They represent a range of most likely values of the GHG, NOx, and SO2 emission occurrence. It is observed that the simulation obtained the same tendency of emissions that was already identified by the minimum and maximum values: The GHG emission values increase up to the year 2024, decrease slightly from 2024 and increase Figure 2c . Therefore, Monte Carlo simulation allows incorporating variations in the emission rates with the definition of more restricted emission limits considering the probability of occurrence. Similarly to GHG and NOx, lower and upper bounds obtained from Monte Carlo simulation for SO2 emissions facilitate result interpretation. Indeed, the tendency of SO2 emission reduction after 2023 discussed in Section 3.1 based on Figure 2c is much more evident in Figure 6 thanks to the lower and upper bounds defined from simulation results. values for the lower and upper bounds are closer to the reality than the others because they were obtained based on the most likely values from Monte Carlo simulation.
In Figure 6 , it is possible to see the bounds obtained by the simulation for the SO2 emissions. They presented a reduction of 77% and 76% for the Projections 1 and 2, respectively, when compared to those from Figure 2c . Therefore, Monte Carlo simulation allows incorporating variations in the emission rates with the definition of more restricted emission limits considering the probability of occurrence. Similarly to GHG and NOx, lower and upper bounds obtained from Monte Carlo simulation for SO2 emissions facilitate result interpretation. Indeed, the tendency of SO2 emission reduction after 2023 discussed in Section 3.1 based on Figure 2c is much more evident in Figure 6 thanks to the lower and upper bounds defined from simulation results. The observed SO2 emission reduction attests the effectivity of the Brazilian electricity authority strategy of substituting thermal energy generation from oil by natural gas to achieve a decrease in emissions of this pollutant, as discussed in Section 3.1.
However, it is important to emphasize that in Table 2 , natural gas source results in lower SO2 As in the simulation only the most probable values of GHG emission were considered, the range of values presented in Figure 4 is on average 72% narrower for Projections 1 and 2, when compared to those in Figure 2a . For the range of NO x emission values, the reduction is around 73% when compared to Figure 2b . Considering these values, it is worth highlighting that the average values for the lower and upper bounds are closer to the reality than the others because they were obtained based on the most likely values from Monte Carlo simulation.
In Figure 6 , it is possible to see the bounds obtained by the simulation for the SO 2 emissions. They presented a reduction of 77% and 76% for the Projections 1 and 2, respectively, when compared to those from Figure 2c . Therefore, Monte Carlo simulation allows incorporating variations in the emission rates with the definition of more restricted emission limits considering the probability of occurrence. Similarly to GHG and NO x , lower and upper bounds obtained from Monte Carlo simulation for SO 2 emissions facilitate result interpretation. Indeed, the tendency of SO 2 emission reduction after 2023 discussed in Section 3.1 based on Figure 2c is much more evident in Figure 6 thanks to the lower and upper bounds defined from simulation results.
The observed SO 2 emission reduction attests the effectivity of the Brazilian electricity authority strategy of substituting thermal energy generation from oil by natural gas to achieve a decrease in emissions of this pollutant, as discussed in Section 3.1.
However, it is important to emphasize that in Table 2 , natural gas source results in lower SO 2 emissions and higher GHG and NO x emissions than oil source, considering the maximum rates. Therefore, on the one hand, a simple substitution of oil source by natural gas without any other change in the electricity mix could lead to SO 2 emission reductions. On the other hand, this strategy could promote an increase in GHG and NO x releases. This behavior seems to be exactly what is observed in Table 11 , which presents the variation of emissions for each pollutant per MWh of electricity generated from 2019 to 2027. From Table 11 it is noted a considerable reduction of SO 2 emissions from 2019 to 2017, whereas GHG and NO x emissions increase in general. However, it is noted that SO 2 emissions presented a higher reduction than the increase in GHG and NO x emissions. For the minimum NO x emission in Projection 2 there was a reduction because the minimum emission rate for natural gas is smaller than the one from oil. As discussed in Section 3.1, reducing the use of thermoelectric plants in the electricity generation by replacing them with renewable sources will decrease air pollution. Indeed, an important strategy is presented in Brazilian electricity plan in order to reduce emissions: The increase in the electricity production from solar and wind sources, as both are low intensive in GHG and NO x emissions, as provided in Table 2 . In fact, from Tables 3 and 4 it is noted that year after year solar and wind sources together present a continuous growth in their share in installed capacity changing from 10% or 11% in 2019 to 17% or 18% in 2027, according to the considered projection.
The average values of kilograms of the pollutants emitted per MWh considering annual emissions during the horizon planning (2019 to 2027) obtained in this work are presented in Table 12 . The values presented for GHG are lower than the world average emissions in 2017, 484 kg per MWh [1], but in general, they are greater than the Brazilian average from the year 2017, 104 kg per MWh [24] . No reference values of world average emissions of NO x and SO 2 from electricity generation were found. Considering only the USA context, from data provided in [34] , average values of NO x and SO 2 from electricity production in 2017 are 0.37 kg per MWh and 0.41 kg per MWh, respectively. Compared to the USA, the lower bound of Brazilian NO x emissions is quite similar to the USA one in both projections, but considering upper bound results, Brazil shows a much higher emission rate than the USA for this pollutant. Concerning SO 2 , in general, Brazil presents lower emission rates than the USA in both projections even for upper bounds.
Comparison of Brazilian Electricity Generation Emissions with Other Countries
In order to conclude the presentation of the results, Table 13 shows the average kilograms of emissions for each pollutant per MWh considering energy production from the year 2017 for Brazil, France, China, and the USA. Brazil, whose electricity is based on hydropower, and France, whose electric energy is focused on nuclear generation, have lower emission rates among the assessed countries. On the contrary, American and Chinese electricity mix, both with a fossil fuel-based system, generate much higher emissions than Brazil and France for minimum and maximum emission levels of the pollutants considered. These results were expected as nuclear, and hydropower energy source is acknowledged as a system with low air pollutant emission rates, whereas fossil fuel combustion systems present high emission levels of GHG, NO x , and SO 2 .
The only exception of this pattern is for the minimum level of SO 2 emissions, whose value for Brazil is equal to this one of China and higher than the one of the USA. This occurs because the percentage of oil energy source in Brazil is higher than that of China and USA and the minimum SO 2 emission limit for oil (0.85 kgSO 2 /MWh, Table 2 ) is much higher than those of other energy sources. Therefore, globally, fossil fuel-intensive systems were clearly the ones with the worse results in terms of pollutant emissions from electricity generation. Thus, considering the pollutants investigated, Brazil has an affordable electricity mix in terms of air pollutant emissions control.
Conclusions
It is noteworthy that in this study GHG, NO x , and SO 2 were used because of their relevance in environmental damage. In this work, it was possible to verify that the large share of renewable sources in the Brazilian electric energy generation, as the hydro source, guarantees good results regarding GHG, NO x , and SO 2 emissions. However, it is important to mention that the Brazilian government has renewable sources incentives which cost about US $910 million in 2018. Despite the rise of about 22% in energy generation from the year 2019 up to the year 2027, for the GHG and NO x the emissions increase is greater, in general, and for SO 2 there was a decrease. The former can be explained by the rise in the natural gas share for the energy generation, and the latter is due to the reduction in percentage participation of oil source in the installed capacity, with the increase in percentage participation of wind and solar sources along the years. It is important to mention that the rise of the natural gas participation because of cost reasons leads to an increase in the emission pollutants per MWh along the years. If this expansion was from renewable sources, the pollutant emissions would reduce. Therefore, it is necessary to alert the Brazilian government that expanding and changing the sources share of the electricity production without a broader analysis can contribute to the worsening of climate change and environmental degradation.
Considering the 2017 pollutant emissions, Brazil is in the second place, behind only France, which has small rates of emissions due to the large share of the nuclear source. When comparing the average of Brazilian emissions with the world indicators, Brazil occupies a prominent place due to the great participation of renewable energy sources. For future studies, it is recommended to include the analysis of implementation and operation costs of the electric energy generation comparing the different sources. It is also important to evaluate the impact of the Incentivized Sources Subsidy and compare it with the environmental costs avoided by the large share of renewable sources. In addition, it could include the consideration of the technology evolution over time. Funding: This research received no external funding.
